Spermatogenesis is a precisely controlled and timed process comprising mitotic divisions of spermatogonia, meiotic divisions of spermatocytes, and the maturation and differentiation of haploid spermatids. Cell proliferation is controlled by genes involved in the regulation of the cell cycle. Among the principal regulatory proteins are cyclins, which are categorized according to their appearance during the cell cycle. B-type cyclins are mitotic cyclins and function at the G2/M transition of the cell cycle. We have investigated the expression and regulation of cyclin B1 during rat spermatogenesis. Rat cyclin B1 was isolated from a testis cDNA library and further used as a probe to detect mRNA expression. Northern blot hybridization of testis mRNA revealed the presence of a single 1.7-kilobase transcript. In situ hybridization showed stage-specific expression during spermatogenesis with highest expression found in late pachytene spermatocytes and early round spermatids. This pattern was confirmed in fractions of isolated germ cells. Immunocytochemistry displayed highest protein levels in round spermatids. Depletion of gonadotropins did not change the quantitative and qualitative expression pattern of cyclin B1. Therefore, the signals triggering the onset of cyclin B1 expression seem not to originate from the pituitary-gonadal endocrine axis and might therefore be paracrine factors originating within the germinal epithelium. Our observations suggest that cyclin B1 plays a hitherto unknown role in spermatid maturation in addition to its known function in dividing cells.
INTRODUCTION
Germ cell development requires several mitotic proliferations and meiotic recombination followed by reduction divisions. Mammalian spermatogenesis begins with diploid spermatogonia (type A), which proliferate by mitotic divisions and give rise to type B spermatogonia. These in turn develop into the preleptotene spermatocytes, which become tetraploid. The first meiotic division generates secondary spermatocytes with two haploid copies of the genome, and during the second meiotic division these secondary spermatocytes divide into haploid spermatids, which undergo dramatic morphological changes during spermiogenesis resulting in elongated spermatids. These do not undergo any further cell divisions [1] . During the past few years, much progress has been made with regard to the identification of factors governing the mammalian cell cycle in somatic cells. Among these are cyclins, their regulatory cyclin-dependent kinases (cdk), and cell cycle inhibitors [2, 3] .
Cyclins are proteins involved in the control of various transition stages of the cell cycle. In mammalian cells, the G1 cyclins include cyclins D and E, while the cyclins A Accepted July 24, 1997 . Received April 8, 1997 . 'This work was supported by the Deutsche Forschungsgemeinschaft (We-1 167/2-2).
2Correspondence: Gerhard F. Weinbauer, Institute of Reproductive Medicine of the University, Domagkstrasse 11, D-48129 Minster, Germany. FAX: 49-251-835-6093; e-mail: weinbau@uni-muenster. de and B control mitosis. Regulation of the various transition stages of the cell cycle occurs under the control of cdk. These are catalytic serine/threonine kinases and are active when complexed to a regulatory cyclin. The clearest role for a cdk-cyclin complex has been described for the Mphase-promoting factor (MPF), while the roles of other cyclin-cdk complexes in the cell cycle are not so well defined. MPF triggers the transition from G2-to M-phase and consists of cdc2 (cdkl) and cyclin B [4] . The concentration of cdc2 remains relatively constant during the cell cycle, while cyclin B increases steadily in amount during the interphase, peaks at the G2/M-phase transition, and then is destroyed at mitosis. This destruction leads to the inactivation of the MPF and finally causes the cell to exit mitosis [5] . Cyclin B itself is required for the activation of the cdc2 kinase, because the association of cyclin B with cdc2 alters the phosphorylation state of the kinase and ultimately triggers entry of the cell into the M-phase of the cycle. The activated cyclin B-cdc2 complex then acts to phosphorylate the components of the cellular machinery that are rearranged in mitosis, e.g., the nuclear lamina during nuclear membrane breakdown. In contrast to other cyclins, which are all nuclear, cyclin B accumulates in the cytoplasm of interphase cells and stays there until the beginning of mitosis [6] .
Given the incidence and importance of proliferative events for germ cell development, cyclins and related factors would be expected to be crucial in this process. However, only a limited number of studies have addressed the role of cyclins in spermatogenesis, and no general scheme has emerged as yet. In the rat testis, cyclin B and its kinase are associated with spermatogonial/early spermatocyte proliferation [7] whereas in the mouse testis, mRNA expression of two cyclins (B1 and B2) correlates with second meiotic division and early round spermatid development [8, 9] . For mouse cyclin Al, expression is testis specific and is confined to meiotic divisions [10] . Three forms of cyclin D (D1-D3) have been described for the mouse testis, but none of them appear to be associated specifically with dividing germ cells [11] . Indeed, cyclin D1 was found in the Sertoli cells, which are nondividing in the adult, and cyclin D3 was found in the (also nondividing) round spermatids. Cyclin D2 expression has been seen both in spermatogonia and in Sertoli cells [12] , and testis size is largely reduced in cyclin D2-deficient mice [13] .
MATERIALS AND METHODS

Animals and Experimentation
Adult male Sprague-Dawley rats (Charles River, Sulzfeld, Germany), weighing 220-280 g, were maintained under standard conditions with free access to rat chow and tap water. To evaluate the effects of gonadotropin withdrawal, animals were treated with the potent GnRH antagonist Cetrorelix (ASTA Medica, Frankfurt, Germany) according to the protocol previously described [14] . Cetro-relix was administered at a daily dose of 112.5 jig/kg, while control animals received the vehicle only (5.25% glucose in saline). Animals were killed after 14 days of treatment (n = 6 per group). This experimental paradigm was chosen to eliminate the influence of reproductive hormones but retain the stage-specific arrangement of the seminiferous epithelium. Testes pieces were fixed in Bouin's solution for histological evaluation or frozen in liquid nitrogen for Northern blot analysis. The experimental studies were conducted in accordance with the German Federal Law on the Care and Use of Laboratory Animals.
Library Screening
Approximately 1 x 106 recombinant phage clones of a rat testis cDNA library (Stratagene, Heidelberg, Germany) were screened for the presence of cyclin B1 using a [ 32 P]dCTP-labeled human cyclin B cDNA. Plating of recombinant phages and generation of replica filters were performed according to manufacturer protocol. The filters were prehybridized in 20-strength SSC (single-strength SSC is 150 mM NaC1, 15 mM sodium citrate), single-strength Denhardt's solution (0.02% Ficoll 400, 0.02% BSA, 0.02% polyvinylpyrrolidone), 1 M NaPO 4 (pH 6.8), 20% SDS, and 0.1 pxg/ml denatured and sheared salmon sperm DNA [15] at 60 0 C for 2-4 h. Hybridization conditions were identical to those for the prehybridization except that the labeled cDNA was added to a final concentration of 1 x 106 cpm/ml of hybridization solution. Hybridization was performed at 60°C for 16-18 h. Filters were washed at a final stringency of single-strength SSC/0.1% SDS at 60 0 C and air dried. Autoradiographic exposure of the filters was carried out at -80 0 C for 2 days. Positive clones were purified by plaque isolation and a subsequent secondary screening procedure. Inserts were excised according to manufacturer protocol. The resulting phagemid contained the cDNA inserted at the EcoRI site of the pBluescript SK(-). The corresponding cDNAs were sequenced using the primer walk technique by the dideoxy method [16, 17] . Both strands of the cDNA were sequenced and analyzed using the PCGE-NE (Intelligenetics Inc., Mountain View, CA) sequence analysis software.
In Situ Hybridization
Preparation and labeling of riboprobes for in situ hybridization. Plasmids containing the isolated cyclin B1 were linearized using either the restriction enzyme BamHI or HincII (Pharmacia, Freiburg, Germany). Complementary RNA synthesis was performed by T3-RNA polymerase (sense cRNA) for Hincl-linearized cDNA or by T7 RNA polymerase (antisense cRNA) for the BamHI-linearized plasmid using the digoxygenin (DIG)-RNA-labeling kit from Boehringer (Mannheim, Germany). Paraffin-embedded tissues were cut into 2-,am sections and analyzed by in situ hybridization according to a previously described procedure [18] . In brief, rehydrated sections were incubated in 0.2 N HCl, proteinase K, 0.2% glycine, and 0.1 M ethanolamine and then prehybridized at 50°C for 2 h in 50% formamide, 4-strength STE (sodium chloride-Tris-EDTA buffer), single-strength Denhardt's solution, 125 jig/ml salmon sperm DNA, and 125 !ug/ml yeast RNA hybridization solution. The hybridization was performed at 50 0 C overnight. The hybridization buffer was identical to prehybridization mixture but with the addition of 10% dextran sulfate and 100-150 ng of the DIG-labeled sense and antisense riboprobes. After hybridization, the slides were washed in double-strength SSC at room temperature (RT) and incubated for 30 min in 20 jig/ml RNase A at 37°C; this was followed by two further washes in double-strength SSC at 37°C and a stringency wash in 0.1-strength SSC/ 30% formamide at 45C for 15 min. The detection of the probe involved washing in TBS (0.15 M NaC1, 0.05 M Tris-HC1, pH 7.6) at RT and incubation under drops of sheep serum for 30 min at RT. For signal detection, slides were incubated for 2 h at RT with anti-DIG-alkaline-phosphatase (Boehringer). After washing three times in TBS, the antibody-bound DIG probe-mRNA duplexes were visualized by an enzyme-catalyzed color reaction using nitroblue tetrazolium chloride solution and 5-bromo-4-chloro-3-indolyl-phosphate solution (X-phosphate, Boehringer). After incubation up to 20 h under lightproof conditions, the reaction was stopped, slides were counterstained with Mayer's hemalaun, mounted, and viewed on an Axioskop microscope (Carl Zeiss Jena GmbH, K61n, Germany).
Northern Blot Hybridization
Total RNA was isolated from the testes by the Ultraspec method (Biotecx, Houston, TX). The RNA was precipitated with isopropanol at 4°C for 2-3 h, washed with 75% ethanol, and then dissolved in diethyl pyrocarbonate-water. RNA samples were electrophoresed in 1% agarose/10-strength 3-[N-morpholino]propanesulfonic acid buffer/ formaldehyde gels, blotted onto nylon membranes (Amersham, Braunschweig, Germany), and fixed by baking at 80°C for 2 h or cross-linked by UV irradiation. Filters were prehybridized at 60°C for 1-3 h in 50% formamide, 5-strength saline-sodium phosphate-EDTA buffer, doublestrength Denhardt's, 1% SDS, and 0.1 mg/ml sheared and denatured salmon sperm DNA. Hybridization conditions were identical to those for prehybridization but with the addition of the [ 3 2 P]CTP-labeled antisense cRNA probe of rat cyclin B1 to a final concentration of 1-2 x 106 cpm/ml of hybridization solution. Hybridization was performed at 60°C for 16 h, followed by washing two times, 5 min each, in double-strength SSC/0.1% SDS at room temperature; two times, 15 min each, in 0.2-strength SSC/0.1% SDS at 50°C; and finally two times, 30 min each, in 0.1-strength SSC/0.1% SDS at 60 0 C. Filters were exposed to Amersham High Performance films using intensifying screens at -80°C for 1-5 days. The sizes of the transcripts were estimated by comparison with ribosomal RNA bands.
Immunocytochemistry
Bouin's-fixed specimens were dehydrated, embedded in paraffin, and sectioned at 5 jIm for localization of cyclin B 1 protein. After deparaffinization and rehydration, the sections were incubated with a rabbit polyclonal antibody raised against full-length human cyclin B1 (433 amino acids; Santa Cruz Biotechnology, Santa Cruz, CA) at 1:25-1:100 dilution at 4C overnight. This antibody recognizes cyclin B 1 p 6 2 and does not cross-react with other cyclins. Biotinylated anti-rabbit IgG from swine (1:400; Dako, Hamburg, Germany) followed by alkaline phosphatase conjugated to extravidin (1:200; Sigma Chemical Co., St. Louis, MO) and Neufuchsin (Dako) was used for visualization of bound primary antibody. Sections were rinsed three times, 5 min each, in TBS (0.05 M Tris, 0.15 M NaCl, pH 7.6) between the incubation steps. Antibody buffers contained 5% (w:v) BSA. Nonspecific binding was blocked with 5% normal swine serum. Sections were counterstained for 5 sec with Mayer's hematoxylin and mounted in Dako 
FIG. 1.
Comparison of amino acid sequences of rat, mouse, hamster, human, and bovine cyclin B1. The predicted protein sequences are 71% identical. Comparison between the rat and mouse sequence reveals 93% homology. The predicted protein sequences for the rat and hamster are 82% identical, and the rat and human sequences are 8 5 % identical. Finally, the comparison between rat and bovine sequences revealed a homology of 86%. The gray boxed regions in the sequence indicate the regions called the "destruction box" and "cyclin box." The conserved motif for B-type cyclins is underlined. The boxed region gives the sequence of the cytoplasmic retention signal.
Faramount. For control stains, primary and secondary antibodies were replaced with 5% (w:v) BSA.
Statistical Analysis
Data for hormones and organ weights were analyzed by two-sample t-test and U-test. Probabilities less then 0.05 were considered significant.
RESULTS
Cloning of Rat Testicular Cyclin B 1
In order to isolate cyclin B1, an adult rat testis cDNA library was screened under reduced hybridization stringency conditions using human cyclin B 1 cDNA as a probe. Upon screening, 11 positive clones were identified; these were then further characterized by restriction mapping and sequence analysis. This analysis revealed that 10 of the 11 isolated clones were identical, containing a cDNA fragment of 1.6 kbp, whereas the remaining clone contained an insert of 1.2 kbp. Sequence analysis showed that the two different clones encoded overlapping parts of the cDNA spanning the whole coding region and parts of the 5'-and 3'-untranslated region of cyclin B1. The nucleotide sequence of these two partial cDNA covers a region of 1539 base pairs (bp). The predicted open reading frame is 1272 bp, with a 5' sequence of 230 bp and a 3' sequence of 37 bp. The putative protein consists of 423 amino acids with a molecular mass of 47 391 daltons. Inspection of the amino acid sequence revealed the presence of a destruction and a cyclin box, elements highly conserved within the cyclin gene family. The presence of the B-cyclin characteristic FLRRXSK motif [19] at position 295 to 301 of the amino acid sequence ( Fig. 1) identified the isolated cDNA as cylin B type.
Amino acid comparison of cyclin B1 of rats, mice [8] , hamsters [20] , humans [21] , and cattle [22] (Fig. 1) displayed an overall homology of 71%. The highest overall homology (93%) can be observed between rat and mouse cyclin B 1. Within the amino acid sequence, the destruction box from amino acid position 41 to 49 is fully conserved, and the cyclin box from amino acid position 190 to 349 exhibits high homology (90%). The cytoplasmic retention signal [6] , typical of the cyclin B-type genes, reached an overall homology of 90%.
Testicular Expression of Cyclin B1
Northern blot hybridization of testes mRNA with the rat cyclin B 1 cDNA revealed the presence of a single transcript of approximately 1.7 kb. Germ cell-specific mRNA expression for cyclin B 1 was also seen in highly purified fractions of pachytene spermatocytes and round spermatids (Fig. 2) . By in situ hybridization, cyclin B1 mRNA expression was detected in the cytoplasm of pachytene spermatocytes, secondary spermatocytes, and round spermatids and was related to the stage of spermatogenesis (Fig. 3) . Among pachytene spermatocytes, cyclin B1 mRNA was confined to stages XII-XIII and to secondary spermatocytes in stage XIV. Round spermatids expressed cyclin B1 mRNA during stages I-VIII. In qualitative terms, expression was maximal during stages XIII-III, declined thereafter, and became undetectable in stages IX-XI (Fig. 3) . At the protein level, cyclin B1 was present in the cytoplasm of round spermatids (Fig. 4) but was not found in spermatocytes. Immunostaining was most intense in step 4-6 spermatids and disappeared by stage IX (a synopsis of the stage-specific expression of cyclin B 1 in germ cells is given in Fig. 5 ). Unexpectedly, a specific signal was consistently encountered in the nuclei of Sertoli cells but not in spermatogonia as revealed by high-power magnification analysis (unpublished results). This signal was not related to the stage of the spermatogenic process. 
Control of Testicular Expression of Cyclin B1
GnRH antagonist treatment abolished reproductive hormone secretion and significantly lowered testicular and epididymal organ weights (Table 1) . Nonetheless, cyclin B1 expression studied by Northern blot was not altered by this treatment (not shown). At a cellular level, mRNA and protein expression remained qualitatively unaltered, and the germ cell-specific and stage-specific distribution of cyclin B 1 was retained (Figs. 3 and 4) .
DISCUSSION
Spermatogenesis includes, aside from the nondividing spermatids and spermatozoa, mitotically dividing spermatogonia and meiotically dividing spermatocytes. Hence, cell cycle-governing factors such as cyclins, by implication, should fulfill an important function during testicular germ cell proliferation. Because cyclin B is a mitotic cyclin essential for the G2/M transition during the somatic cell cycle, we cloned testicular cyclin B1 from rat testis and studied the pattern of its expression and regulation.
Sequence analysis of the isolated cyclin B1 clones obtained from a rat testis library revealed complete sequence identity to a rat cyclin B 1 that has been isolated from a rat embryo fibroblast cell line [23] . The 3'-untranslated region obtained in our cDNA clones (37 bp) was significantly shorter than the published sequences from the rat (-840 bp) and the mouse (-720 bp). This finding is probably attributable to the techniques used for generating the cDNA library. Thus it is possible the cyclin B1 transcripts are identical in somatic cells and germ cells. When the amino acid sequences of cyclin B 1 of different species were compared, characteristic elements such as the cyclin and destruction boxes, the typical cyclin B1 motif, and the cytoplasm retention signal displayed very high homology (Fig.  1) , underlining the crucial function of these elements.
Chapman and Wolgemuth [8] reported the presence of two different transcripts in the mouse testis obtained by Northern blotting, one with an approximate size of 2.5 kb and the major transcript with a size of 1.7, that are attributable to the presence of different polyadenylation sites. However, upon screening of a rat testis cDNA library, we did not find any evidence for either an extended or truncated cyclin B 1 transcript. This was confirmed by Northern blotting, which yielded a single testicular transcript of approximately 1.7 kb.
To investigate whether cyclin B 1 mRNA expression is regulated by endocrine factors, GnRH antagonist treatment was used to suppress LH and FSH action. The effects of the treatment were clearly detectable with regard to testis and epididymal weight and hormone levels (Table 1) , and it has been recently reported that the ablation of gonadotropin causes apoptosis of germ cells [14] . However, no significant change in cyclin B 1 expression in the testis was detectable. This indicates that cyclin B1 is not influenced by gonadotropins and that it might be regulated by paracrine factors deriving from a Sertoli cell-germ cell or a germ cell-germ cell interaction.
Our in situ hybridization studies revealed cyclin B1 mRNA expression in late meiotic cells and early round spermatids of the rat. In mice, cyclin B 1 mRNA has been observed in round spermatids only [8] , while B2 was expressed in mid-to-late pachytene spermatocytes [9] . In these studies, however, immunolocalization was not pursued. The similarity of the spermatid-specific expression patterns in the mouse and rat, and our observation that cyclin B1 protein is present in these spermatids, lend support to the view that B-type cyclins could be involved in spermatid differentiation. Peak protein expression was seen earliest in step 4 round spermatids. During this step the acrosomal vesicle is being formed [24] , but whether this concurrence represents a functional association of changes in cell and nuclear shape with cyclin B1 expression remains speculative at present. Although rat and mouse cyclin B1 are highly homologous (93%), the timing of their appearance during the spermatogenic cycle is different in the two species. Rat cyclin B1 mRNA is already expressed in late pachytene spermatocytes and during the second meiotic division, but since the protein was not found in these cells, a role for this cyclin in the second meiotic division is unlikely. The possibility of a cross-hybridization in the in situ hybridization experiments on cyclin B1 and cyclin B2 mRNA expression can be excluded, since the homology of the nucleotide sequence reaches only 68% [9] .
In vitro studies have shown that human cyclin B1 is cytoplasmic throughout G2-phase but that it translocates into the nucleus at the beginning of mitosis [6] . This translocation is mediated by a cytoplasmic retention signal, conserved in different B-type cyclins. Removal of this amino acid sequence causes the protein to become nuclear [6] . It is believed that phosphorylation of the retention signal might influence the cellular distribution of B-type cyclins. The translocation from the cytoplasm into the nucleus takes place as a complex consisting of cyclin B1 and cdc2. During mitosis this complex is associated with the spindle caps and the main spindle and probably therefore directly interacts with microtubules. In the present study, cyclin B 1 protein could be detected only in the cytoplasm, not in the nucleus of germ cells. Since cyclin B 1 has to combine with cdc2 to form the MPF complex, it may be that cyclin B1 remains cytoplasmic due to the lack of cdc2 expression. Indeed, it has been reported that cdc2 protein is present in pachytene spermatocytes, but barely in round spermatids [7] ; and we could not detect cdc2 expression by Northern blotting, indicating lack of expression or a low expression level of this kinase (data not shown). Interestingly, in the mouse, cdc2 mRNA expression was observed in mitotic spermatogonia and was seen to have dropped in postmeiotic spermatids [25] . This again indicates the lack of a putative MPF complex involving cyclin B1 present in round spermatids. In Sertoli cells, which are considered to be nondividing in the adult, we observed cyclin B1 protein expression in the nucleus but never detected any signal by in situ hybridization. This might indicate the presence of very low levels of transcription not detectable with our system. The presence of cdc2 in mouse Sertoli cells [25] and our finding of the nuclear localization of cyclin B1 in the rat Sertoli cell-a location in which cyclin B1 can normally only be detected together with cdc 2 during mitotic divisions in somatic cells [6] -might indicate possible other functions of the MPF, e.g., cell differentiation.
Cyclin B 1 protein was seen only in round spermatids, in contrast to cyclin B1 mRNA expression in late meiotic spermatocytes and early round spermatids. It has been reported for a number of gene products that the RNA is transcribed but is stored and translated up to several days later [26, 27] . Cyclin B 1 might therefore be another example of delayed translation in haploid germ cells. In rats this delay amounts to 4-5 days. Since spermatids have no proliferative activity, the presence of regulatory and stimulatory components of the cell cycle implies that cyclins serve other functions than control of cell division in these cells. A cyclin-cdk complex from yeast has been reported to regulate a phosphatase not involved in cell cycle control through phosphorylation [28] . At present, however, the functional significance of cyclin expression in spermatids remains unknown. Conceivable approaches for study of the functional significance of cyclin B1 expression in spermatids are colocalization and coprecipitation with known markers of spermatid development and the use of antisense technology.
